Abstract
Notwithstanding the potential applications of these species in materials synthesis, a multiplicity of metal siloxide types have also been investigated from a structural or catalytic standpoint. 8 For the specific case of cobalt(II), whereas a variety of mono-siloxide and cluster species have been described, 9 examples of bis-siloxide species are much less precedented.
Although their synthesis should be straightforward, the sole examples of this latter compound class are Power's triphenylsiloxide derivative (III) 10a and the similarly dimeric tris(trimethylsilyl)siloxide (IV). 10b In this contribution we describe the synthesis and structural characterization of the first well-defined series of mononuclear Co(II) siloxides and demonstrate that derivatives comprising Tilley's tris(tert-butoxy)siloxide ligand may be employed as single-source precursors for the aerosol-assisted chemical vapor deposition (AACVD) of colored cobalt/silicon oxide thin films. of additional chelating donors proved difficult to purify and were complicated by the inclusion of potassium chloride from incomplete halide metathesis (vide infra). To limit the tendency toward 'ate' complex formation and solid-state oligomerization, therefore, a range of chelating N-donor ligands were employed in equimolar quantities to coordinate to the cobalt centers in the syntheses of compounds 2 -8.
The trialkylsiloxides (2 and 3) were isolated as sticky, dark blue and purple solids, respectively. Although crystalline materials were afforded by slow evaporation of small samples dissolved in hexane at -40 o C, at room temperature solid samples were found to quickly lose any structural integrity. The triphenylsiloxide complex 4 was insoluble in nonpolar, aliphatic and aromatic solvents. Consequently the reaction solution was filtered warm, allowing separation from the KCl by-product, and, once isolated, the complex displayed notable stability to air and moisture in the solid state. The tris(tert-butoxy)siloxide compounds (5 -8) were isolated in high yields by crystallization from saturated solutions in toluene, with the exception of compound 6, which was precipitated through the addition of cold hexane. The complexes were found to be thermally stable in solution to the reflux point of toluene (110. probability. Hydrogen atoms and tert-butyl methyl carbons are removed for clarity.
Symmetry transformations used to generate equivalent atoms: ' -x,-y,-z+1
The solid-state structures of compounds 1, 4, 5, 6, 7 and 8 were confirmed through singlecrystal X-ray diffraction analysis of crystals grown by cooling toluene or toluene/hexane solutions. The molecular structures are presented in Figures 1 -6 , while details of the X-ray analyses and selected bond length and angle data are presented in Tables 1 -3, X-ray diffraction analysis of the grass-green needles of the 2,2-bipyridine adduct 6 revealed a similar monomeric constitution (Figure 4 ). In common with the structure inferred for Tilley's analogous 4,4ꞌ-di-tert-Bu-bipy derivative II, 7n the cobalt atom of 6 resides in a tetrahedral coordination environment provided by two terminal siloxides and a chelating 2,2-bipyridine molecule. In contrast to the structures of both compounds 4 and 5, the Co-O bond lengths of in 6 are effectively identical. These distances (1.872(4) and 1.864(4) Å) are comparable to the shorter bond lengths observed in the structure of 5 and are possibly a reflection of the lower steric demands of the more two-dimensional 2,2-bipyridine ligand.
Pairs of molecules associate through a π-stacking interaction of parallel 2,2-bipyridine units with a centroid-centroid distance of 3.669 Å. The crystal structure of the dark purple PMDETA adduct (7) revealed that cobalt sits in a 5-coordinate geometry comprising the two terminal siloxide ligands and all three Ndonors of the amine ligand ( Figure 5 ). An analysis of the bond angles surrounding cobalt provides a tau value, τ = 0.38, indicating a structure that is intermediate between the extremes of square-based pyramidal and trigonal bipyramidal, but favouring the former geometry. (8) and tert-butyl methyl carbons are omitted for clarity.
-11- (13) Si (1)-O (1) 1.610(6) 1.5969 (12) 1.590(4) 1.543(4) 1.5717 (11) 1.5743 (14) Si (2) Figure 9d confirming the presence of cobalt along with silicon, carbon and other elements which can be attributed to the glass substrate. A film grown at 350 o C was analyzed by depth-profiling X-ray photoelectron spectroscopy (XPS) (Figure 10a ), confirming the ability of compound 5 to deposit a binary metal-doped silicon oxide under anaerobic conditions. The atomic compositions of cobalt, silicon, oxygen and carbon were measured and compared at each etch depth and therefore through the bulk of the material. The high percentage of carbon observed prior to argon ion etching was not representative of the bulk of the material and was, thus, ascribed to atmospheric, surface contamination. This feature decreased rapidly upon etching while the cobalt, silicon and oxygen content increased to stable concentrations from 360 s etching time.
The etching did not pass beyond the total depth of the film as no sodium or calcium were detected, and within the bulk of the film, the Si:Co ratio of 2:1 was representative of the stoichiometry of the compound 5. The spectrum acquired at an etch time of 660 s was studied in detail to deduce the oxidation states of the elements in the film. While the Si 2p and O 1s signals were well represented by the simulated distribution of single peaks (indicative of a true metal silicate) (Figures 10b/10c ), the Co 2p emission was more complex. Whereas the exclusive maintenance of the single cobalt(II) oxidation state of the precursor 5 would result in two peaks split by approximately 15 eV, the observed Co 2p and Co 2p3/2 emissions were best simulated as three superimposed binding energies (Figure 10d ). We suggest that this latter observation indicates that, while the precursor delivers exclusively Co(II), a proportion of the transition metal centers undergo disproportionation to provide a distribution of cobalt oxidation states throughout the silica matrix.
Conclusion
Cobalt ( 
General Synthetic Experimental Procedures
All reactions were carried out under an argon atmosphere using standard The solution was stirred for a further 30 minutes followed by removal of volatiles in vacuo.
Solids were redissolved into toluene and the solution filtered by cannula to remove KCl. The dark green solution was reduced to ~5 mL and 25 mL of hexane was added to precipitate a fibrous, microcrystalline product in high yield, isolated by decantation. Large, X-ray quality crystals were produced by the slow cooling of a solution of the product (10 mL / 50:50, 
AACVD Experiments
Cobalt-silicon oxide films were prepared by aerosol-assisted CVD, (AACVD) in a coldwalled reactor (Electro Gas System Reactor). Glass microscope slides cut into 1/3s were chosen as substrates and prepared for deposition by the standardised cleaning procedure:
substrates were sonicated in iso-propanol for 15 minutes, deionized water for 15 minutes and stored in fresh iso-propanol. Substrates were left to evaporate dry, ready for use. Substrates were placed on a heated graphite attenuator and heated to 400 o C under a 2 Lmin -1 flow of N 2 to purge the reactor for 5 minutes. After purging, the substrate thermostat was adjusted to the desired deposition temperature and allowed to equilibrate. The N 2 flow rate was reduced to 0.3 Lmin -1 and the precursor was introduced to the deposition chamber in a ultrasonically nebulized aerosol solution in toluene (12.5 gL -1 ). All depositions were conducted for 25 minutes, starting when the vaporiser was activated. N 2 flow was maintained by an electronic mass-flow controller, and substrate temperature was measured and controlled by a platinum thermocouple positioned inside the graphite attenuator.
UV/Visible spectroscopy was performed using a Varian 50 Probe UV/Vis Spectrophotometer, in an "in-house-engineered" flat-plate mode. Spectra were measured at wavelengths from 900 -300 nm, at a rate of 10 nm s -1 , and data was analysed using Varian Cary WnUV software. FTIR spectra were measured on a Perkin Elmer Spectrum 100, reflectance Fourier-transform infra-red spectrometer. SEM and EDS analysis was performed at Pilkington Labs by Mr Mike Baines. Specimens were prepared for examination in planview and cross section by mounting onto aluminium stubs. Loosely bound contamination was removed using a "Dust-Off" compressed gas aerosol. The cleaned specimens were coated with a thin layer of platinum (to provide a uniform conductive surface) and examined using a -23-scanning electron microscope (SEM) equipped with the energy dispersive spectroscopy (EDS) technique. X-ray Photoelectron Spectroscopy was performed at the National XPS service at Cardiff University by David Morgan. Samples were analysed as received (no cleaning procedures) on a Kratos Axis Ultra-DLD XPS system. All experimental data was analysed using CasaXPS software, developed by Neal Fairley.
Single-crystal X-ray Diffraction Analysis
Single-crystal X-ray diffraction analysis was performed at 150 K on a single-crystal FR590
Nonius Kappa CCD diffractometer, equipped with an Oxford Cryosystem, using graphitemonochromated Mo Kα radiation (λ =0.71073 Å). Data were processed using Nonius Software. Crystal parameters and details on data collection, solution and refinement of all the complexes are presented in supplementary data. Structure solution, followed by full-matrix
least-squares refinement, was performed using the XSEED or WINGX-1.70 suite of programs. The structure of compound 1 was refined taking pseudo-merohedral twinning, 180.0 degree rotation about 100 direct lattice direction, into account. Additionally, the THF ligand and one siloxyl group connected to O3 were found to be disordered in the ratio 1:1. All disordred atoms were refined using bond lengths restraints and C13A C15 C17A were refined using ADP restraints. The A-Alert: 'Coordinates do not Form a Properly Connected Set' is consequence of the hydrogen atoms placed onto calculated positions for the THF ligand. The asymmetric unit of compound 6 contains one Co complex and one solvent molecule of toluene which has an occupation factor of 25% only. One t-Bu group attached to O2 shows rotational disorder in the ratio of 60:40 and the solvent molecule lies on a two-fold axis. In order to idealize bond lengths and angles the whole toluene molecule had to be constrained using the rigid group contraint AFIX 66. All solvent atoms have been refined isotropically with the same displacement parameters. The asymmetric unit of compound 8 contains two cobalt complexes and one solvent molecule of hexane. All -NH 2 hydrogen atoms have been located in the difference Fourier map and freely refined apart from N-H5C which has been restrained. The solvent molecule was refined using a split atom model for atoms C20-C60.
The ratio of the disorder is 66:34. ADPs for atoms pairs of C20 C40 and C60 have been equalised.
Supplementary Information Available
CCDC 999835-999840 contain the supplementary crystallographic data for compounds 1, 4, 5, 6, 7 and 8. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
